Systemic inflammation is accompanied by an increased production of reactive oxygen species (ROS) and by either fever or hypothermia (or both). To study aseptic systemic inflammation, it is often induced in rats by the intravenous administration of bacterial lipopolysaccharide (LPS). Knowing that bilirubin is a potent ROS scavenger, we compared responses to LPS between normobilirubinemic Gunn rats (heterozygous, asymptomatic; J/C) and hyperbilirubinemic Gunn rats (homozygous, jaundiced; J/J) to establish whether ROS mediate fever and hypothermia in aseptic systemic inflammation. These two genotypes correspond to undisturbed versus drastically suppressed (by bilirubin) tissue accumulation of ROS, respectively. A low dose of LPS (10 mg/kg) caused a typical triphasic fever in both genotypes, without any intergenotype differences. A high dose of LPS (1,000 mg/kg) caused a complex response consisting of early hypothermia followed by late fever. The hypothermic response was markedly exaggerated, whereas the subsequent fever response was strongly attenuated in J/J rats, as compared to J/C rats. J/J rats also tended to respond to 1,000 mg/ kg with blunted surges in plasma levels of all hepatic enzymes studied (alanine aminotransferase, aspartate aminotransferase, gamma-glutamyl transferase), thus suggesting an attenuation of hepatic damage. We propose that the reported exaggeration of LPS-induced hypothermia in J/J rats occurs via direct inhibition of nonshivering thermogenesis by bilirubin and possibly via a direct vasodilatatory action of bilirubin in the skin. This hypothermiaexaggerating effect might be responsible, at least in part, for the observed tendency of J/J rats to be protected from LPS-induced hepatic damage. The attenuation of the fever response to 1,000 mg/kg could be due to either direct actions of bilirubin on thermoeffectors or the ROS-scavenging action of bilirubin. However, the experiments with 10 mg/kg strongly suggest that ROS signaling is not involved in the fever response to low doses of LPS.
Introduction
Fever and hypothermia are symptoms of infection and inflammation. They are triggered via the production and release of endogenous proinflammatory mediators, including prostaglandin (PG) E 2 , by pathogen-sensing immune cells in peripheral tissues and in the brain. [1] [2] [3] [4] [5] Intracellular signaling cascades activated by these endogenous mediators are complex and involve lipid, peptide, gaseous, and other messengers (for review, see reference 6).
They also include the reactive oxygen species (ROS), such as hydrogen peroxide, superoxide anion, and nitric oxide (NO). 7, 8 ROS are unstable, short-lived molecules that are thought to have 2 major functions. First, they are downstream molecular effectors of immune cell activation and, as such, are directly involved in killing and clearing microbial pathogens. 9 Second, they are messengers within several intracellular signaling pathways and, in this role, affect multiple cell functions. 10 Signaling properties of ROS are based on their ability to interact with many intracellular proteins, including redox-sensitive transcriptional factors and ion channels, as well as metal-containing enzymes responsible for production of proinflammatory mediators (for review, see reference 11).
While production of ROS by different cells and tissues in response to bacterial lipopolysaccharide (LPS; often referred to as endotoxin) is well documented (for review, see reference 8), it is not clear whether ROS play roles in fever and hypothermia, the 2 thermoregulatory responses to LPS. Riedel et al. 12, 13 has proposed that oxidative stress is a crucial component in the pathogenesis of LPS fever, but the data used to substantiate their proposal are difficult to interpret. Riedel et al. 12, 13 observed an attenuation of LPS fever by high doses of dithiotreitol, methylene blue, aspirin, or a-lipolic acid and attributed fever-attenuating effects of these compounds to their free radical-scavenging action. However, all these compounds are nonselective radical scavengers; they also inhibit cyclooxygenase (COX), 14 guanylyl cyclase, 15 and secretory phospholipase A 2 16 -important enzymes participating in the inflammatory response to LPS. Hence, the observed attenuation of LPS fever might have been due to inhibition of COX and other enzymes and not due to free radical scavenging.
Further complicating the issue, most exogenous ROS scavengers are water soluble and, therefore, can neutralize efficiently only substances dissolved in water (but not in lipids), whereas a large pool of free radicals accumulates in cellular membranes as lipoperoxides. 17 These lipoperoxides are important mediators of oxidative stress, but they cannot be inactivated by conventional administration of water-soluble ROS scavengers. To dissect the roles of membrane ROS requires using lipophilic antioxidants.
Bilirubin is the end product of heme catabolism in mammals. This lipophilic molecule is generally considered a toxic waste that needs to be excreted. 18, 19 However, many studies have shown that bilirubin is a powerful antioxidant and efficient scavenger of lipoperoxide radicals in membranes. 20, 21 Hence, bilirubin can be used as a tool to inactivate water-insoluble, lipid-associated ROS. An established animal model to study the antioxidant activity of bilirubin in vivo is the Gunn rat model, [22] [23] [24] named after C. H. Gunn, who characterized an autosomal recessive deficiency in uridine diphosphate glucuronyltransferase activity. 25 This deficiency prevents the conjugation of bilirubin, which explains hyperbilirubinemia and neonatal jaundice in Gunn rats with the homozygous mutation (J/J), while heterozygous (J/C) rats are nonjaundiced. In J/J rats, the increased antioxidant activity due to hyperbilirubinemia has been proposed to contribute to the protection against the harmful effects of hyperoxia 22 and of angiotensin II. 23 Continuing our studies of the thermoregulatory responses to LPS in mutant rats (Zucker, 26, 27 Otsuka Long-Evans Tokushima fatty, 26, 28 Koletsky, 29 and Nagase analbuminemic 30 ), the present work was focused on LPS-induced fever and hypothermia in J/J and J/C Gunn rats. We also measured blood levels of biochemical markers of renal disfunction and hepatocyte damage in these rats following LPS administration.
Results

LPS-induced fever and hypothermia in Gunn rats
All experiments were conducted at an ambient temperature (T a ) of 30 C, which is within the thermoneutral zone for rats in our experimental setup. 31 Two intravenous doses of LPS were used: the low (10 mg/kg) and the high (1,000 mg/kg). At 30 C, rats respond to the low dose of LPS with a polyphasic fever, and to the high dose with hypothermia followed by fever. 3 In the In J/C rats, the high dose of LPS induces early hypothermia followed by late fever. In J/J rats, the hypothermic response is exaggerated, and the subsequent febrile response is attenuated, as compared to the J/C controls. Time periods corresponding to significant intergenotype differences in the response to LPS are marked as * (P < 0.05) or ** (P < 0.01).
present study, the intravenous injection of saline did not affect the colonic temperature (an index of deep body temperature, T b ) in either J/J or J/C Gunn rats (Fig. 1A) . To the low dose of LPS, both J/J and J/C rats responded with a triphasic fever, with peaks at »50, 130, and 280 min post-injection (Fig. 1B ). There were no significant differences in the T b dynamics between the genotypes. To the high dose of LPS, J/C rats responded with early hypothermia (nadir of -0.5 C at »90 min; P D 0.034 vs. saline) followed by fever (peak of 0.9 C at »360 min; P < 0.001 vs. saline) (Fig. 1C) . The T b response of J/J rats to the high dose of LPS was different from that of J/C rats: the early hypothermic response (nadir of -1.2 C at »90 min, P < 0.001 vs. saline) was markedly exaggerated (P 0.004 for 40-180 min vs. J/C rats), whereas the subsequent fever response (peak of 0.3 C, P D 0.039 vs. saline) was significantly attenuated (P < 0.05 for 240-420 min vs. J/C rats).
Plasma bilirubin in Gunn rats
Since LPS administration could induce liver failure, thereby causing (or exaggerating) hyperbilirubinemia, we examined blood bilirubin levels in J/J and J/C rats under basal conditions and in LPS-induced systemic inflammation. As expected, the total plasma bilirubin level in saline-treated J/J rats was higher (by 2 orders of magnitude) than that in J/C rats (P < 0.001, Fig. 2 ). The low dose of LPS did not affect the total bilirubin level in either genotype. However, in response to the injection of the high dose of LPS, the total bilirubin level surged in both J/C and J/J rats (P < 0.001 vs. saline, for both genotypes). In J/J rats treated with the high dose of LPS, the total plasma bilirubin level remained higher than in J/C controls (P < 0.001).
Renal disfunction and hepatic damage in Gunn rats after LPS administration
Plasma blood urea nitrogen (BUN) and creatinine levels were measured as markers of renal function. 32 Neither of these markers differed significantly between saline-treated J/J and J/C rats (Fig. 3) . While administration of the low dose of LPS did not raise the renal disfunction markers, the high dose increased both BUN (Fig. 3A) and creatinine ( Fig. 3B ) in J/J (P 0.001 for both BUN and creatinine) and J/C rats (P D 0.010 for BUN; P < 0.001 for creatinine) without any significant differences between the genotypes.
Plasma alanine aminotransferase (ALT), aspartate aminotransferase (AST), and gamma-glutamyl transferase (GGT) Figure 2 . Blood bilirubin levels in J/J and J/C rats. The total bilirubin level in blood plasma is dramatically higher in saline-treated J/J rats than in saline-treated J/C controls. The low dose of LPS (10 mg/kg, iv) does not change the bilirubin level in either genotype. In response to the high dose of LPS (1,000 mg/kg, iv), the total bilirubin level increases in both genotypes, but remains substantially higher in J/J rats than in J/C controls. ***, P < 0.001, intergenotype difference in the response to LPS. ### , P < 0.001, LPS vs. saline difference within the same genotype. Plasma BUN levels do not differ between saline-treated J/J and J/C rats and remain unchanged after administration of the low dose of LPS (10 mg/kg, iv). The high dose of LPS (1,000 mg/kg, iv) raises BUN in both genotypes, without any intergenotype difference. (B) Plasma creatinine levels do not differ between saline-treated J/J and J/C rats and remain unchanged after administration of the low dose of LPS. The high dose of LPS raises plasma creatinine in both genotypes, without any intergenotype difference. Within each genotype, significant differences in the response to LPS (as compared to saline) are marked as ## (P < 0.01) or ### (P < 0.001).
were used to assess hepatocyte damage. 33 Activities of all 3 enzymes were within the normal range in J/J and J/C rats after the injection of saline or the low dose of LPS (Fig. 4) . When LPS was administered at the high dose, rats exhibited marked surges in ALT (P D 0.019 for J/C; P D 0.015 for J/J; Fig. 4A ), AST (P D 0.021 for J/C; P D 0.041 for J/J; Fig. 4B ), and GGT (P < 0.001 for both genotypes; Fig. 4C ). In J/J rats, the surge was blunted for GGT (P D 0.042) and tended to be reduced for ALT (P D 0.208) and AST (P D 0.179), as compared to J/C rats.
Discussion
LPS hypothermia is exaggerated in hyperbilirubinemic Gunn rats
The novel-and unexpected-finding of the present study is that hyperbilirubinemia in Gunn rats was associated with an exaggerated hypothermic response to LPS (Fig. 1C) . This exaggeration is unlikely to be due to an attenuation of the ROS-mediated inflammatory signaling by bilirubin. Indeed, attenuating inflammatory signaling should decrease (not increase) the hypothermic response. Furthermore, while bilirubin, a potent ROS scavenger, has been shown repeatedly to attenuate inflammatory signaling, [34] [35] [36] we did not find any literature data suggesting that it can amplify inflammatory signaling. An alternative, more plausible, mechanism of the exaggeration of LPS hypothermia might be an action of bilirubin on thermoeffectors. Gunn rats respond to administration of exogenous bilirubin (that further increases their hyperbilirubinemia) with a pronounced (»3 C) drop in T b .
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This drop is likely to reflect decreased thermogenesis, because bilirubin has been demonstrated to depress mitochondrial respiration in liver, heart, and brain tissues in vitro. [38] [39] [40] And although brown adipose tissue (the main source of nonshivering, temperature-driven thermogenesis in rodents 41 ) has not been studied, bilirubin is likely to have the same effect in brown fat as in all other tissues studied. A profound decrease in the threshold T b for activation of thermogenesis is the principle autonomic thermoeffector mechanism of LPSinduced hypothermia. 42 Although skin vasodilation is not the main mechanism of LPS-induced hypothermia, 42 increased skin vasodilation in J/J rats could have contributed to their enhanced hypothermic response to LPS as well. Hyperbilirubinemia has been shown to attenuate the pressor effects of angiotensin II in Gunn rats 23 and to lower angiotension IIdependent hypertension in mice, 43, 44 the latter effect being attributed to the blockade of superoxide production and possibly to enhanced vasorelaxation. 43 In a study conducted in humans, 45 hyperbilirubinemia exaggerated endotheliumdependent vasodilation of the brachial artery, which supplies subcutaneous and cutaneous tissues of the arm. (A) Plasma ALT levels do not differ between saline-treated J/J and J/C rats and remain unchanged after the administration of the low dose of LPS (10 mg/kg, iv). In response to the high dose of LPS (1,000 mg/kg, iv), plasma ALT surges in both genotypes, but this surge tends to be blunted in J/J rats (as compared to the J/C controls). (B) Plasma AST levels do not differ between J/J and J/C rats after administration of saline or LPS at the low dose. In response to the high dose of LPS, AST surges in both genotypes, but the surge tends to be blunted in J/J rats). (C) Plasma GGT levels are near the detection threshold in J/J and J/C rats after administration of saline or the low dose of LPS. Plasma GGT rises in both genotypes in response to the high dose of LPS, but the rise is significantly reduced in J/J rats. A significant (P < 0.05) intergenotype difference in the response to LPS is marked with *. Within each genotype, significant differences in the response to LPS (as compared to saline) are marked as # (P < 0.05) or ### (P < 0.001).
Hyperbilirubinemia differently affects fevers caused by low vs. high doses of LPS
The same action (or actions) on thermoeffectors could be responsible for the attenuation of the late fever response to the high dose of LPS in J/J rats, which was also observed in the present study (Fig. 1C) . Since the thermoregulatory response to the high dose is a combination of early hypothermia and late fever, the exaggeration of the hypothermic response (and the resultant prolongation of this response) may be difficult to distinguish from an independent attenuation of the fever response.
Interestingly, the fever response to the low dose of LPS was not affected by hyperbilirubinemia in Gunn rats in our study (Fig. 1B) , which is another novel observation. It suggests that ROS signaling is not involved in the febrile response, at least not to weak stimuli. It also extends our earlier conclusion that NO, a known ROS, is not involved in the pyrogenic signaling of LPS. 46 However, it cannot be ruled out that hyperbilirubinemia blocks pro-pyretic ROSmediated signaling triggered by high doses of LPS, i.e., doses that cause a prominent ROS response. For example, high doses of LPS (those that lead to shock and hypothermia) induce overexpression of the inducible NO synthase isoform, 47, 48 thus leading to the massive production of NO in rats. 48, 49 In contrast, lower (pyrogenic) doses of LPS suppress NO synthesis, possibly by inhibiting constitutive NO synthase isoforms. 50, 51 This proposed antipyretic, ROS-mediated action of bilirubin upon fevers caused by high doses of LPS would agree with several studies. 12, 13, 52, 53 In these studies, the febrile response to LPS was attenuated by antioxidants, whether water-soluble (such as methylene blue, dithiothreitol, aspirin, lipoic acid, natural antioxidants purified from spinach, or apocynin) 12,13,52 or lipid-soluble (such as resveratrol and lipoic acid). 12, 53 Of those 4 studies, one 53 involved administering an extremely high dose of LPS (4 mg/kg) to rats, whereas 3 other studies 12,13,52 used 1-100 mg/kg doses in rabbits, the species that is »100 times more sensitive to LPS than rats. Interestingly, the high sensitivity of rabbits to LPS has been explained by the agile production of ROS in this species without a concomitant increase in the protective antioxidative enzymes. 54 On the other hand, the relative resistance of rats to LPS has been ascribed to an increased activity of the endogenous antioxidant systems. 54, 55 It should also be noted that several ROS scavengers used in the studies discussed above 12, 13, 52, 53 inhibit the synthesis of PGE 2 , the principle mediator of fever, 56, 57 by acting on COX 14,58-60 and secretory phospholipase A 2.
16 However, it is unlikely that all the reports of the fever-attenuating effects of ROS scavengers reflect an action on PG synthesis, because the antipyretic effect has been reported for multiple, structurally unrelated compounds. Furthermore, bilirubin (the focus of the present study) and several other ROS scavengers have not been shown to inhibit PGE 2 synthesis, definitely not by an action independent from ROS neutralization. There are several studies showing that antioxidants (e.g., bilirubin, methylene blue, and apocynin) did not affect PGE 2 synthesis or COX-2 expression in various models.
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Hyperbilirubinemia attenuates LPS-induced hepatic damage in Gunn rats
Compared to J/C rats, J/J rats responded to the high dose of LPS with a blunted surge in GGT (Fig. 4C) . The LPS-induced surges in 2 other transferases studied (ALT and AST) tended to be reduced, but the magnitude of the reduction did not reach the level of statistical significance (Fig. 4A, B) . The revealed high sensitivity of GGT to hyperbilirubinemia was expected. Indeed, GGT is also a marker of oxidative stress, 65 and the blood concentration of this enzyme is inversely related to the blood antioxidant activity. 66, 67 The observed effect of hyperbilirubinemia on the LPS-induced GGT response and the tendencies revealed (with regard to ALT and AST responses) agree with the previously reported protective action of bilirubin in endotoxin shock 68 and other pathological conditions. 69, 70 The cytoprotective action of bilirubin is likely to be due to the suppression of oxidative stress, either directly (by scavenging ROS) or indirectly (by inhibiting the expression of free radicalgenerating enzymes, such as NO synthase and nicotinamide adenine dinucleotide phosphate oxidase). 68 By either mechanism, bilirubin potently suppresses the accumulation of lipophilic ROS in cell membranes, 20, 21 and the decreased accumulation of ROS prevents cell apoptosis and tissue injury associated with oxidative stress. 70 Yet another mechanism of tissue protection by bilirubin in LPS-induced systemic inflammation could be the exaggeration of hypothermia. Hypothermia is an adaptive, active thermoregulatory response to high doses of LPS and other strong inflammatory stimuli. 71 It involves cold-seeking behavior 42, 72, 73 and is thought to be aimed at decreasing the metabolic requirements of tissues. 3, 71 In our studies, 74, 75 when rats were either allowed to select their preferred low T a or maintained at a lower T a chosen by the investigators during endotoxin shock or Escherichia coli infection, their survival rates increased. At least in some cases, the increased survival was coupled with a suppressed surge in ALT. 75 Whereas markers of hepatocyte damage were affected by hyperbilirubinemia in the present study, markers of renal disfunction (BUN and creatinine) were not (Fig. 3) , thus suggesting the lack of tissue protection in the kidneys. This is despite the fact that bilirubin has been shown to play a protective role in the kidneys, e.g., in diabetic nephropathy. 76 The observed in the present study tissue specificity for the protective action of bilirubin may relate to the fact that the liver is the principal site for bilirubin metabolism. Due to this, bilirubin concentration in hepatocytes should be higher than anywhere else in the body, including renal epitheliocytes. Although bilirubin conjugation is defective in J/J rats, 25 and these animals excrete only traces of bilirubin in the bile, 77 they still have more than a 2-fold-higher concentration of bilirubin in the liver than in the kidneys. 78 
Summary and conclusions
We showed that hyperbilirubinemia in J/J Gunn rats was associated with a marked exaggeration of the early hypothermic response to the high dose of LPS (1,000 mg/kg), presumably through a direct inhibition of nonshivering thermogenesis by bilirubin and possibly also through a direct vasodilatatory action of bilirubin in the skin. This novel, hypothermia-exaggerating effect might be responsible, at least in part, for the observed tendency of J/J rats to respond to the high dose of LPS with attenuated hepatic damage.
Hyperbilirubinemia in Gunn rats was also associated with a deep attenuation of the late febrile response to the high (1,000 mg/kg) dose of LPS, but did not attenuate the fever response to the low (10 mg/kg) dose. The attenuation of the fever response to 1,000 mg/kg could be due to either direct actions of bilirubin on thermoeffectors (inhibition of nonshivering thermogenesis and induction of skin vasodilation) or the ROS-scavenging action of bilirubin attenuating pyrogenic signaling. However, the experiments with 10 mg/kg strongly suggest that ROS signaling is not involved in the fever response to low doses of LPS.
Materials and Methods
Animals
Adult male J/J and J/C Gunn rats were obtained from Harlan. They were housed in cages kept in a rack equipped with a Smart Bio-Pack ventilation system and Thermo-Pak temperature control system (Allentown Caging Equipment); the temperature of incoming air was maintained at 28 C. Standard rodent chow and tap water were available ad libitum. The room was on a 12 h light/dark cycle (lights on at 7:00 A.M.). The rats were housed in groups until they were subjected to surgery, after which they were caged singly. Animals were extensively handled and habituated to staying in wire-mesh conical confiners, which were later used in the experiments. At the time of the experiments the rats weighed 200-245 g, there was no significant difference between the body mass of rats of different genotypes. All procedures were conducted under protocols approved by the Legacy Health System and St. Joseph's Hospital and Medical Center Animal Care and Use Committees.
Intravenous catheterization
Four days before an experiment, each rat was implanted with a jugular catheter. The procedure was performed under ketaminexylazine-acepromazine (55.6, 5.5, and 1.1 mg/kg ip, respectively) anesthesia and antibiotic (enrofloxacin, 1.1 mg/kg sc) protection. During the surgery, a rat was heated with a Deltaphase isothermal pad (Braintree Scientific). A small longitudinal incision was made on the ventral surface of the neck, left to the trachea. The left jugular vein was exposed, freed from its surrounding connective tissue, and ligated. A silicone catheter (ID 0.5 mm, OD 0.9 mm) filled with heparinized saline (50 U/ml) was passed into the superior vena cava through the jugular vein and secured in place with ligatures. The free end of the catheter was knotted, tunneled under the skin to the nape, and exteriorized. The wound on the ventral surface of the neck was sutured. To prevent postsurgical hypothermia, the animals were allowed to recover from anesthesia in an environmental chamber (model 3940; Forma Scientific) set to 28 C. The intravenous catheters were flushed with heparinized saline every other day.
Experimental setup
On the day of the experiment, each rat was placed in a confiner and equipped with a copper-constantan thermocouple (Omega Engineering) to measure colonic temperature (a measure of deep T b ). The thermocouple was inserted in the colon 10 cm deep beyond the anal sphincter and fixed to the tail with a loop of adhesive tape. To record T b data, the thermocouple was plugged into a data logger (Cole-Parmer) connected to a computer. The rat in its confiner was then placed in an environmental chamber (Forma Scientific) set to a T a of 30 C, which is a neutral T a for rats in this setup. 31 The implanted venous catheter was extended with a length of PE-50 tubing filled with saline. The extension was passed through a wall port and connected to a syringe filled with LPS or saline.
LPS administration
LPS from E. coli 0111:B4 was purchased from Sigma-Aldrich. A stock suspension of LPS (5 mg/ml) in pyrogen-free saline was stored at -20 C. On the day of the experiment, the stock was diluted to a final concentration of either 10 or 1,000 mg/ml. The diluted LPS suspension or saline was injected in a bolus (1 ml/ kg) through the extension of the venous catheter. Deep T b was monitored for 7 h after the injection.
Biochemical assays
To determine blood levels of total bilirubin and markers of renal disfunction and hepatocyte damage, rats were anesthetized with ketamine-xylazine-acepromazine (5.6, 0.6, and 0.1 mg/kg ip, respectively) 24 h after LPS injection, and their arterial blood (5 ml) was collected by cardiac (left ventricle) puncture. The blood was immediately transferred to EDTA-containing Vacutainer tubes (Beckton Dickinson). The plasma was separated by centrifugation, aliquoted, and stored at -80 C until biological assays were performed. All samples were sent to the Legacy Central Laboratory, Portland, OR. ALT and AST activities in serum were determined according to the method of Reitman and Frankel, 79 whereas GGT levels were assessed by the Szasz method. 80 Total plasma bilirubin level, BUN, and creatinine concentration was determined according to the method described by Jendrassik et al., 81 Patton and Crouch, 82 and Van Pilsum, 83 respectively.
Statistical analysis
The T b responses were compared by 2-way ANOVA followed by the Fisher least significant difference test by using Sigmaplot 11.0 (Systat Software). Blood levels of bilirubin and biochemical markers of renal and hepatic disfunction were compared with Student's t test. The effects were considered significant when P < 0.05. The data are reported as means § SE.
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